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Materials and Methods

Study Area. The ice core (211.7 m long) was drilled from the ice cap of the Gorshkov crater at Ushkovsky volcano (56°04'N, 160°28'E; 3903 m a.s.l.) in the central part of the Kamchatka Peninsula, Russia (Fig. 1). The annual average accumulation rate at the studied site was 0.54 m a–1 in water equivalent and was dated on the basis of an ash layer erupted from the Bezymianny volcano in 1956. Year-round measurements of the temperature near the surface show that the surface and 10m depth temperatures were –16.6°C and –15.8°C, respectively 1()
. The ice core chronology was determined by counting the annual layers of a seasonal oxygen isotopic signal (δ18O) from the surface to a depth of 103.58 m, and by using a two-dimensional thermodynamic coupled model 1()
 for deeper layers. The age-determination error of the upper 103 m was estimated to be ± 2 years based on four identified volcanic ash layers contained in the ice core 2()
, while the errors in the deeper section were considered to be larger. The pore close-off depth of the ice core was 55 m, corresponding to 1920s 1()
.

Seventy-five sections were cut off using a band saw. Ice core sections (50 cm long, 1/4 cut) were taken at every one meter for the upper 25 m and at every 4–5 meter for the layers deeper than 25 m. Approximately 1.0 cm thickness of the outer core surface was mechanically removed using a pre-cleaned ceramic knife in a cold clean room to avoid potential contamination. 

Bulk Analysis. Each sample section was melted in a pre-cleaned Pyrex beaker (2 l). The samples were poisoned with HgCl2 to prevent potential microbial degradation of organic compounds, and stored at 4°C in pre-cleaned brown glass bottles with a Teflon-lined screw cap prior to analysis. In this study, we use 59 samples collected from 1.1 to 152.6 m in depth (1997–1693); the data of deeper sections (Table S1) were not used because of the presence of many sand layers.

After the homogenization (mixing) of the samples in the 800 mL brown glass bottle, the melt water samples (80–250 ml) were transferred to a pear-shape flask and concentrated to almost complete dryness using a rotary evaporator under a vacuum. The total organic matter in the dried samples was extracted with a 2:1 v/v solution of CH2Cl2/CH3OH using an ultrasonic bath. The extracts were concentrated and passed through a glass column packed with quartz wool and further eluted with CH2Cl2 and CH3OH to extract the organics potentially adsorbed on the particles. The eluents were then combined with the extracts, transferred to 1.5 ml glass vials and dried under a pure nitrogen gas stream.

Polar organic tracer compounds in the extracts were derivatized with 99% N, O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) and 1% trimethylsilyl chloride for 2 hours at 70°C in a sealed glass vial (1.5 ml). The derivatives were then diluted by the addition of n-hexane containing C13 n-alkane as an internal standard prior to the determination by gas chromatography-mass spectrometry (GC-MS).

GC-MS Measurement. GC-MS analyses of the derivatized fraction were performed on a Hewlett-Packard model 6890 GC coupled to a Hewlett-Packard model 5973 MSD. The GC was equipped with a split/splitless injection and a HP-5ms fused silica capillary column (30 m × 0.32 mm i.d., 0.25 µm film thickness). Helium was used as a carrier gas. The GC oven temperature was programmed to rise from 50°C (held for 2 min) to 120°C at 30°C min–1, and then to 300°C at 6°C min–1 with a final isothermal hold at 300°C for 20 min. The MS was operated on electron ionization (EI) mode at 70 eV and scanned from 50 to 650 Da. Organic compounds in the ice core samples were identified by comparing the mass spectra with those of authentic standards or data in the literature 
 ADDIN EN.CITE 
(3, 4)
. GC-MS response factors of 3-hydroxyglutaric acid (3-HGA), pinonic acid (PNA) and pinic acid (PA) were determined using authentic standards. Isoprene SOA tracers including 2-methylglyceric acid (2-MGA), 2-methylthreitol and 2-methylerythritol, were quantified using erythritol, while 3-methyl-1, 2, 3-butanetricarboxylic acid (MBTCA) were quantified using pinic acid 
 ADDIN EN.CITE 
(3, 5-7)
. The analytical errors in triplicate analyses were within 15%. The limits of detection (LODs) were 0.71, 0.70, 0.70, 1.6, 3.1, 4.6 and 1.1 pg/g-ice for 2-MGA, 2-methylthreitol, 2-methylerythritol, 3-HGA, PNA, PA and MBTCA, respectively. C5-alkene triols and 3-methyltetrahydrofuran-3, 4-diols (3-MeTHF-3, 4-diols) are higher generation products formed from the photooxidation of epoxydiols of isoprene. Both C5-alkene triols and 3-methyltetrahydrofuran-3, 4-diols (3-MeTHF-3, 4-diols) were not detectable in the ice core samples (LOD: 0.70 pg/g-ice).
Spiked experiments were conducted in triplicate to check the recoveries of target compounds during the analytical procedure. A 10 μl aliquot of standard solution of authentic standard was spiked into 150 ml Milli-Q water, placed in a pear shape flask (300 ml) and treated as a real sample. Recoveries for the standards or surrogates including erythritol, 3-hydroxyglutaric acid, pinonic acid, and pinic acid were better than 80%. The data reported in this study were not recovery corrected. A laboratory blank was measured using Milli-Q water and showed no contamination for any target species.

Time series correlation. The time-series data: Biogenic SOA tracers in Ushkovsky ice core and climate reconstruction data were available at different temporal resolutions and unevenly spaced. Therefore, to facilitate correlations between time-series the data were re-sampled to common time step (8-year intervals), using a simple interpolation with a linear function in Analyseries 2.0. No extrapolation was performed. The re-sampled time-series were visually inspected to ensure close resemblance of the re-sampled data to the original data and that spurious peak formation had not occurred. For the correlations between time-series a Spearman Rank Order was performed on the overlapping period of the two data-sets to be correlated.
Table S1. Concentrations of polar organic tracer compounds in the Ushkovsky ice core with ice chronology a
	Core depth 

(m)
	Year 

(A.D.)
	Isoprene SOA tracers (pg/g-ice)
	
	Monoterpene SOA tracers (pg/g-ice)

	
	
	2-MGA
	2-Methylthreitol
	2-Methylerythritol
	
	3-HGA
	PNA
	PA
	MBTCA

	1.1–1.6
	1997
	5.21
	27.9
	71.8
	
	2.10
	60.9
	53.5
	BDLb

	2.2–2.6
	1996
	134
	264
	582
	
	52.5
	1503
	1370
	16.7

	2.6–3.3
	1995
	13.9
	66.3
	129
	
	47.7
	722
	347
	BDL

	3.3–4.4
	1994
	201
	350
	870
	
	109
	309
	635
	14.5

	4.8–5.3
	1993
	215
	355
	1120
	
	706
	708
	783
	178

	5.3–5.8
	1992
	174
	158
	432
	
	344
	2240
	2440
	51.9

	5.8–7.1
	1991
	33.4
	406
	674
	
	57.1
	1260
	658
	BDL

	7.1–7.9
	1990
	413
	496
	1140
	
	717
	1970
	3520
	375

	8.4–8.9
	1989
	41.0
	272
	558
	
	21.5
	180
	199
	16.8

	8.9–9.8
	1988
	93.5
	213
	455
	
	86.8
	1460
	1230
	52.4

	9.8–11.3
	1987
	54.9
	331
	797
	
	40.3
	1170
	1220
	8.70

	11.3–12.0
	1986
	35.0
	80.7
	266
	
	86.6
	261
	424
	12.5

	12.3–12.8
	1985
	2.70
	22.9
	49.8
	
	2.89
	35.4
	69.7
	BDL

	13.0–13.6
	1984
	613
	394
	939
	
	2040
	884
	2970
	712

	13.6–14.3
	1983
	78.2
	413
	1060
	
	69.2
	1050
	717
	18.2

	14.3–15.4
	1982
	190
	350
	869
	
	210
	664
	2200
	90.6

	15.4–16.5
	1981
	172
	258
	577
	
	277
	1240
	1350
	181

	16.8–17.3
	1980
	36.4
	356
	899
	
	107
	226
	1130
	86.7

	17.3–17.9
	1979
	15.5
	72.2
	150
	
	9.51
	768
	366
	BDL

	17.9–19.1
	1978
	126
	328
	807
	
	136
	977
	1040
	52.2

	19.6–20.1
	1977
	8.18
	43.7
	99.0
	
	13.1
	50.5
	162
	5.40

	20.7–21.5
	1976
	35.0
	194
	406
	
	BDL
	281
	233
	BDL

	21.5–22.6
	1975
	12.1
	10.1
	20.9
	
	12.9
	184
	446
	10.7

	22.6–23.5
	1974
	28.9
	54.8
	128
	
	35.1
	372
	360
	20.8

	23.5–24.1
	1973
	48.9
	26.0
	73.6
	
	65.4
	220
	336
	5.80

	24.1–24.6
	1972
	240
	626
	1500
	
	2990
	649
	2880
	386

	25.0–25.5
	1971
	407
	430
	916
	
	811
	1110
	393
	199

	25.5–25.9
	1970
	33.9
	174
	373
	
	30.0
	429
	188
	16.4

	28.3–28.8
	1966
	120
	791
	1430
	
	249
	421
	1520
	61.0

	32.0–32.5
	1961
	9.22
	65.3
	129
	
	66.3
	87.7
	220
	28.6

	36.3–36.8
	1954
	1.81
	11.2
	47.6
	
	3.62
	23.4
	45.8
	2.17

	39.6–40.1
	1949
	634
	1530
	3741
	
	4850
	1090
	5340
	721

	44.0–44.5
	1942
	25.0
	159
	426
	
	36.7
	144
	365
	13.6

	48.4–48.9
	1933
	169
	862
	2110
	
	168
	487
	2120
	58.2

	51.9–52.4
	1928
	133
	257
	603
	
	252
	516
	2200
	50.1

	56.1–56.6
	1922
	9.76
	47.4
	99.2
	
	5.40
	17.8
	67.0
	BDL

	60.1–60.5
	1915
	29.0
	215
	435
	
	102
	217
	316
	19.9

	63.9–64.4
	1908
	2.18
	7.69
	16.3
	
	1.23
	9.08
	13.7
	BDL

	67.9–68.4
	1897
	8.12
	53.0
	113
	
	6.31
	10.1
	134
	BDL

	72.1–72.6
	1889
	14.9
	108
	259
	
	30.5
	116
	150
	BDL

	76.4–76.9
	1883
	34.4
	278
	658
	
	108
	291
	1170
	13.1

	81.0–81.5
	1871
	8.47
	62.1
	174
	
	BDL
	10.0
	31.6
	5.02

	84.9–85.4
	1862
	1.58
	6.53
	10.4
	
	3.25
	40.5
	188
	4.62

	88.8–89.3
	1854
	2.20
	11.3
	25.2
	
	BDL
	7.46
	29.0
	4.00

	92.4–92.9
	1847
	4.19
	16.2
	34.5
	
	BDL
	24.0
	25.4
	BDL

	95.9–96.4
	1840
	1.71
	9.23
	12.8
	
	3.75
	37.8
	240
	2.25

	99.9–100.4
	1832
	5.06
	21.3
	44.6
	
	BDL
	26.0
	30.8
	BDL

	104.2–104.7
	1818
	3.20
	39.5
	102
	
	BDL
	105
	61.0
	BDL

	108.1–108.6
	1809
	7.37
	17.5
	45.3
	
	BDL
	68.9
	54.9
	BDL

	111.6–112.1
	1800
	12.7
	25.9
	70.6
	
	51.2
	148
	589
	23.3

	115.7–116.2
	1790
	22.3
	71.0
	241
	
	18.3
	101
	56.2
	2.72

	120.8–121.3
	1778
	136
	87.5
	251
	
	338
	231
	736
	63.2

	124.7–125.1
	1768
	1040
	2120
	7590
	
	1170
	1070
	5160
	209

	128.1–128.6
	1759
	169
	627
	1740
	
	210
	683
	1200
	36.9

	132.3–132.8
	1748
	94.0
	273
	611
	
	28.3
	240
	286
	4.60

	136.9–137.4
	1736
	15.7
	116
	290
	
	38.3
	111
	527
	18.5

	140.0–140.6
	1727
	441
	778
	2050
	
	338
	569
	1710
	29.2

	144.6–145.1
	1715
	50.9
	241
	632
	
	22.5
	282
	480
	4.26

	148.0–148.6
	1705
	684
	869
	2620
	
	836
	708
	3110
	135

	152.1–152.6
	1693
	1.07
	1.13
	2.67
	
	2.62
	11.2
	37.2
	BDL


Table S1 (Continued)

	Core depth 

(m)
	Year 

(A.D.)
	Isoprene SOA tracers (pg/g-ice)
	
	Monoterpene SOA tracers (pg/g-ice)

	
	
	2-MGA
	2-Methylthreitol
	2-Methylerythritol
	
	3-HGA
	PNA
	PA
	MBTCA

	155.8–156.3
	
	13.2
	43.0
	77.7
	
	8.21
	84.2
	71.3
	BDL

	159.7–160.2
	
	5.42
	32.4
	59.8
	
	1.84
	52.9
	55.8
	BDL

	163.5–164.0
	
	11.5
	49.6
	165
	
	263
	308
	200
	7.84

	168.9–169.5
	
	108
	440
	946
	
	239
	214
	528
	BDL

	171.3–171.8
	
	9.93
	21.5
	40.9
	
	38.6
	58.0
	427
	22.6

	176.8–177.3
	
	312
	695
	1480
	
	121
	173
	732
	14.2

	180.2–180.7
	
	816
	1280
	4050
	
	855
	742
	5410
	56.4

	184.7–185.3
	
	76.3
	1560
	3380
	
	8.13
	259
	170
	BDL

	188.3–188.7
	
	121
	447
	1280
	
	14.2
	118
	184
	BDL

	191.0–191.5
	
	32.5
	40.2
	108
	
	38.7
	194
	433
	12.4

	196.4–196.9
	
	90.9
	736
	2230
	
	78.4
	320
	218
	14.8

	199.6–200.0
	
	44.2 
	1280
	2750
	
	61.3
	377
	326
	BDL

	203.2–203.7
	
	19.4
	147
	277
	
	16.2
	90.9
	70.1
	BDL

	208.2–208.7
	
	23.5
	327
	896
	
	4.63
	156
	43.8
	BDL

	209.4–209.9
	
	406
	747
	1900
	
	35.5
	244
	518
	5.40


a In this study, we use 59 samples that were collected from 1.1 to 152.6 m in depth (1997-1693) and the data of deeper sections were not used because of the present of many sand layers. b BDL: below detection limits.
Table S2. Concentrations of polar organic tracer compounds and their mass concentration ratios in the Ushkovsky ice core.
	Organic Tracers
	Preindustrial (1693–1790)
	
	early–mid 1800s (1800–1854)
	
	20th century (1908–1997)

	
	range
	mean
	std
	
	range
	mean
	std
	
	range
	mean
	std

	Isoprene SOA Tracers (pg/g-ice)

	2-Methylglyceric acid (2-MGA)
	1.07–1040
	266
	348
	
	1.71–12.7
	5.20
	3.81
	
	1.81–634
	121
	158

	2-Methylthreitol
	1.13–2120
	519
	643
	
	9.23–39.5
	20.1
	10.3
	
	7.69–1530
	282
	295

	2-Methylerythritol
	2.67–7590
	1600
	2280
	
	12.8–102
	47.9
	30.0
	
	16.3–3740
	658
	704

	2-Methyltetrols (2-MT)
	3.80–9710
	2120
	2920
	
	22.1–142
	68.0
	40.1
	
	24.0–5270
	940
	997

	Subtotal
	7.08–10700
	2390
	3260
	
	23.8–145
	73.2
	41.0
	
	26.2–5900
	1060
	1120

	Monoterpene SOA Tracers (pg/g-ice)

	3-Hydroxyglutaric acid (3-HGA)
	2.62–1170
	300
	401
	
	BDL–51.2
	7.85
	19.2
	
	BDL–4850
	390
	944

	Pinonic acid (PNA)
	11.2–1070
	401
	342
	
	7.46–148
	59.6
	50.9
	
	9.08–2240
	631
	566

	Pinic acid (PA)
	37.2–5160
	1330
	1637
	
	25.5–589
	147
	209
	
	13.7–5340
	1050
	1170

	MBTCAb
	BDL–209
	50.3
	69.2
	
	BDL–23.3
	4.22
	8.56
	
	BDL–721
	91.2
	176

	Subtotal
	51.0–7620
	2080
	2410
	
	40.4–811
	219
	275
	
	24.0–12000
	2160
	2470

	Mass Concentration Ratios

	2-Methylerythritol/2-MT
	0.69–0.78
	0.73
	0.03
	
	0.58–0.73
	0.69
	0.05
	
	0.62–0.81
	0.70
	0.03

	2-MGA/2-MT
	0.04–0.44
	0.15
	0.12
	
	0.02–0.13
	0.08
	0.04
	
	0.03–0.49
	0.13
	0.12

	(3-HGA+MBTCA)/(PNA+PA)
	0.04–0.41
	0.16
	0.12
	
	0–0.11
	0.03
	0.05
	
	0–0.96
	0.18
	0.24

	(PNA+PA)/2-MT
	0.5–13
	2.3
	3.7
	
	0.9–13
	3.8
	4.6
	
	0.5–20
	2.7
	3.4

	Riso/monoc
	0.10–1.9
	1.1
	0.6
	
	0.08–1.4
	0.8
	0.5
	
	0.07–2.1
	0.7
	0.4


a BDL: below detection limit; the limits of detection (LOD) were 1.6 and 1.1 pg/g-ice for 3-HGA and MBTCA, respectively (LODs for other species were 0.7–4.6 pg/g-ice; see details in the Supplementary Information). b MBTCA: 3-methyl-1, 2, 3-butanetricarboxylic acid. c The mass concentration ratios of total isoprene SOA tracers to monoterpene SOA tracers measured in this study.
Table S3. Correlations of biogenic SOA tracers in the Ushkovsky ice core records and climate reconstructions. Correlation coefficients higher than 0.4 are shown in bold.
	1st variable
	2nd variable
	period
	correlation coefficient
	p value
	n

	I. Isoprene SOA tracers

	2-MGA
	Solar irradiance
	1997 to 1693 CE
	0.30
	<0.05
	39

	2-MGA
	Siberian Tsummer
	1990 to 1693 CE
	0.35
	<0.05
	38

	2-MGA
	China T
	1990 to 1693 CE
	0.47
	<0.01
	38

	2-MGA
	Warm season AO
	1975 to 1693 CE
	0.47
	<0.01
	36

	2-Methyltetrols
	Solar irradiance
	1997 to 1693 CE
	0.25
	<0.05
	39

	2-Methyltetrols
	Siberian Tsummer
	1990 to 1693 CE
	0.35
	<0.05
	38

	2-Methyltetrols
	China T
	1990 to 1693 CE
	0.54
	<0.01
	38

	2-Methyltetrols
	Warm season AO
	1975 to 1693 CE
	0.43
	<0.01
	36

	II. Monoterpene SOA tracers

	Pinonic acid
	Solar irradiance
	1997 to 1693 CE
	0.32
	<0.05
	39

	Pinonic acid
	Siberian Tsummer
	1990 to 1693 CE
	0.40
	<0.01
	38

	Pinonic acid
	China T
	1990 to 1693 CE
	0.56
	<0.01
	38

	Pinonic acid
	Warm season AO
	1975 to 1693 CE
	0.48
	<0.01
	36

	Pinic acid
	Solar irradiance
	1997 to 1693 CE
	0.28
	< 0.05
	39

	Pinic acid
	Siberian Tsummer
	1990 to 1693 CE
	0.42
	<0.01
	38

	Pinic acid
	China T
	1990 to 1693 CE
	0.49
	<0.01
	38

	Pinic acid
	Warm season AO
	1975 to 1693 CE
	0.45
	<0.01
	36

	3-HGA
	Solar irradiance
	1997 to 1693 CE
	0.42
	<0.01
	39

	3-HGA
	Siberian Tsummer
	1990 to 1693 CE
	0.53
	<0.01
	38

	3-HGA
	China T
	1990 to 1693 CE
	0.63
	<0.01
	38

	3-HGA
	Warm season AO
	1975 to 1693 CE
	0.45
	<0.01
	36

	MBTCA
	Solar irradiance
	1997 to 1693 CE
	0.45
	<0.01
	39

	MBTCA
	Siberian Tsummer
	1990 to 1693 CE
	0.59
	<0.01
	38

	MBTCA
	China T
	1990 to 1693 CE
	0.55
	<0.01
	38

	MBTCA
	Warm season AO
	1975 to 1693 CE
	0.51
	<0.01
	36


Table S4. Pearson correlation coefficients (r, p<0.05) of TOC, levoglucosan, and biogenic SOA tracers in the Ushkovsky ice cores. Correlation higher than 0.5 is shown in bold.
	
	TOC
	levoglucosan
	2-methylthreitol
	2-methylerythritol
	2-MGA
	3-HGA
	PNA
	PA
	MBTCA

	TOC
	1.0
	
	
	
	
	
	
	
	

	levoglucosan
	0.21
	1.0
	
	
	
	
	
	
	

	2-methylthreitol
	0.26
	0.52
	1.0
	
	
	
	
	
	

	2-methylerythritol
	0.23
	0.42
	0.97
	1.0
	
	
	
	
	

	2-MGA
	0.27
	0.39
	0.86
	0.87
	1.0
	
	
	
	

	3-HGA
	0.22
	0.84
	0.62
	0.54
	0.65
	1.0
	
	
	

	PNA
	0.50
	0.22
	0.43
	0.38
	0.50
	0.33
	1.0
	
	

	PA
	0.33
	0.56
	0.85
	0.81
	0.86
	0.74
	0.62
	1.0
	

	MBTCA
	0.23
	0.64
	0.55
	0.47
	0.70
	0.90
	0.43
	0.75
	1.0


[image: image1.emf]2-Methylerythritol (pg/g-ice)

8000 —

O

7000

y = 3.003x — 118.51
6000 r2 = 0.95, p<0.05

5000 —
4000 —
3000 —
2000 —

O

1000 —

[ [ [ [ [ [
0 500 1000 1500 2000 2500

2-Methylthreitol (pg/g-ice)










Figure S1. A strong positive correlation between the concentrations of 2-methylthreitil and 2-methylerythritol, the isoprene SOA tracers in the Ushkovsky ice core.
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Figure S2. An enlarged figure showing the concentrations of biogenic SOA tracers, TOC, levoglucosan, and mass concentration ratios measured in the Ushkovsky ice-core samples.
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